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Abstract: Black carbon (BC) is a significant component of fine particulate matter (PM2.5, with aerody-
namic diameters ≤ 2.5 µm), and its spatial distribution greatly affects the global radiation budget.
However, the vertical distributions and key driving factors of BC in the atmospheric boundary layer,
where BC is mostly concentrated, remain unclear. In this study, gradient measurements of BC were
made using an unmanned aerial vehicle (UAV) platform from ground level to 500 m above ground
level (AGL) during and after the 2016 G20 control period in Shanghai. Generally, vertical profiles
of BC from local time (LT) 9 to 17 on all experimental days demonstrated an upward trend with
increasing height. The BC emitted from chimneys was initially released at higher altitudes, resulting
in the positive gradients of vertical BC profiles. Furthermore, with the progressive development
of the boundary layer height from LT 9 to 15, the average concentration of BC per vertical profile
decreased. However, meteorological conditions unfavorable for dispersions caused by particularly
high temperatures, low wind speed, unfavorable boundary layer conditions, or especially high
relative humidity, and hygroscopic growth owing to the extremely high relative humidity, led to
an overall increase in vertical BC and ground-based PM2.5 and BC. Despite the impact of adverse
meteorological conditions, emission control measures during the control period not only effectively
decreased the BC concentration but also reduced the proportion of BC in PM2.5 in the atmospheric
boundary layer. The results of this study can provide valuable observations for evaluating numerical
model results and important implications for making control strategies of BC in the future.

Keywords: black carbon; vertical profiles; unmanned aerial vehicle

1. Introduction

Owing to the strong economic development for the last few decades, China has experi-
enced severe and persistent haze pollution [1–3]. BC, also referred to as soot, is an essential
component of PM2.5. When compared to the total mass of PM2.5, BC contributes a fraction
of about 5–15% to the total aerosol mass concentration in urban air [4]. However, BC is an
important particulate pollutant because of its adverse health impacts [5–7]. Anthropogenic
sources of BC derive from the incomplete combustion of fossil fuels and biomass burning.
As a result, some toxic and hazardous materials such as polycyclic aromatic hydrocarbons
absorbed on the surface of BC are carcinogenic, teratogenic, and mutagenic when inhaled.
Additionally, BC plays a unique and important role in global climate change [8–12]. BC
has been proved to be the second most vital warming element after carbon dioxide in the
global atmospheric system [13]. The strong absorption of a wide range of solar radiation by
BC has a great potential to exacerbate global warming. As a byproduct of the incomplete
combustion process, BC is typically in the fine submicron size range and is initially hy-
drophobic [14]. Therefore, BC has a long atmospheric lifetime, allowing it to be transported
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to higher regions of the atmosphere, both horizontally and vertically [15]. Until now, most
studies focusing on the surface-level characteristics of BC have revealed the urgent need to
investigate the vertical variation of BC in order to better understand its indirect climate
impact and improve model simulations [16].

Vertical profiles of BC in previous studies were obtained using towers, aircraft,
tethered/free-flying balloons, and UAVs. Sun et al. (2020) [17] obtained vertical pro-
files of BC using a 356 m meteorological tower in Shenzhen in December 2017. Generally,
BC decreased with increasing height. Zhao et al. (2015) [18] recorded vertical profiles of BC
by using aircraft measurements around Beijing between April and June 2012. Generally,
BC decreased with increasing height within 1000 m. Li et al. (2015) [16] measured vertical
profiles of BC using a tethered balloon within 1000 m in Shanghai in December 2013. In the
morning, BC profiles decreased with increasing height. During noon and afternoon, BC pro-
files were homogenously distributed with height. In the early evening and late evening, BC
profiles first decreased with increasing height, and then increased with increasing altitude.
Lu et al. (2019) [19] acquired vertical profiles of BC using a tethered balloon within 1000 m
in Shouxian from 14 December 2016 to 4 January 2017. Four profile types were categorized:
I: uniform vertical distributions (38%, mainly occurring during the periods of 11:00–17:00),
II: higher values at lower altitudes (29%, mainly occurring from 20:00 to 8:00 the following
day), III: bimodal distributions with high values near the ground and at higher altitudes
(17%, mainly occurring around midnight), and IV: unimodal distributions with high values
at higher altitudes (11%, mainly occurring during the periods of 11:00–17:00). Liu et al.
(2020) [20] measured vertical profiles of BC using a UAV within 500 m in Macau during
February and March 2018. In general, BC decreased with increasing height. Wu et al.
(2021) [21] measured vertical profiles of BC using a UAV within 900 m in Shenzhen in
December 2017 and August 2018. Generally, BC decreased with increasing height.

The eleventh international forum for the governments and central bank governors
from 20 major economies, known as the G20 Summit, was held in Hangzhou, China on
4–5 September 2016. This was one of the most important international events for China.
In order to improve air quality during the 2016 G20 Summit, stringent emission control
measures were implemented in Hangzhou and its surrounding cities by the Chinese
government before and during the summit. Considering the impact of regional transport,
diverse control intensities were adopted in Hangzhou and its surrounding areas. The
surrounding areas were divided into the core control area, the strict control area, and the
general control area according to the distances of 50 km, 100 km, and 300 km, respectively,
from the Hangzhou International Expo Center, which was the main venue of the 2016 G20
Summit [22]. Shanghai, whose downtown was about 162 km northwest of the main venue,
was under the general control area. A “G20 Blue” program was put into effect in Shanghai
from 24 August to 6 September in 2016. The 14-day emission control scheme consisted
of halting or curbing production in factories, traffic restriction, and so on [23]. As one of
the most important chemical industry bases in Shanghai, Jinshan District is located in the
southwest of the city and is close to the north shore of Hangzhou Bay. Hence, strict emission
control measures were adopted in Jinshan District during the 14-day control period.

To evaluate the effects of these short-term emission control actions on air quality
improvements during the 2016 G20 Summit, some studies, including in situ observation
and model simulation, have been conducted [22–27]. Su et al. (2017) [24] monitored
vertical profiles of ozone (O3) concentration from 25 August to 18 September 2016 in
Hangzhou and found that meteorological conditions instead of short-term control measures
dominated the variations in O3 concentration. Zhao et al. (2017) [25] analyzed the ground-
based concentration of air pollutants including PM2.5, inhalable particles (PM10), sulfur
dioxide (SO2), nitrogen dioxide (NO2), carbon monoxide (CO), and O3 from 24 August
to 6 September 2015 and 2016 in Hangzhou and its surrounding regions, and detected
that safeguard measures were effective in improving air quality in Hangzhou and its
surrounding cities during the summit. Ji et al. (2018) [22] reported the in situ observations
of aerosol chemistry and gaseous precursors from 15 August to 12 September, 2016 in



Atmosphere 2023, 14, 1472 3 of 20

Hangzhou, and discovered that short-term control strategies contributed to suppressing
particulate pollution while regional transport may counteract the effects of the control
strategies to a certain extent. Wu et al. (2019) [26] analyzed the concentration of six air
pollutants (PM2.5, PM10, O3, NO2, SO2, and CO) from five monitoring sites and the chemical
compositions of PM2.5 from the meteorological station in Hangzhou from 24 August to
6 September 2016 and previous years. The results showed that the air quality in Hangzhou
improved dramatically after the implementation of stringent pollution control measures.
Li et al. (2019) [23] examined the concentration of atmospheric pollutants and chemical
composition of PM2.5 from two supersites in Shanghai from 24 August to 6 September
2014, 2015, and 2016, and found that pollutant levels were significantly reduced resulting
from the implementation of strict control measures. Zheng et al. (2019) [27] carried out
in situ experiments on atmospheric volatile organic compounds (VOCs) at two supersites
in Shanghai from 24 August to 15 September, 2016, and suggested emissions reduction
from industrial sources contributed greatly to lowering the abundance and reactivity of
VOCs. However, up to now, no studies have been published on the vertical profiles of BC
to evaluate the effects of implementing strict emissions controls.

The 2016 G20 Summit offered a great chance to study the impacts of man-made
emissions on air quality. In this study, the UAV-based platform was employed to acquire
vertical profiles of BC concentration on 24–25 August and 12–13 September 2016 in Jinshan
District, Shanghai. The four-day analysis of data measured with the UAV was conducted
during and after the 2016 G20 controlled period to analyze the vertical profiles of BC
from ground level to 500 m AGL under the joint effect of emissions reduction measures
and meteorological factors. The findings of this study can offer significant insights for
assessing the accuracy of numerical models and offer crucial guidance for devising future
BC control strategies.

2. Materials and Methods
2.1. Experimental Site and UAV Platform

The experimental site of this study is located in Langxia Town, Jinshan District, Shang-
hai, China, as indicated in Figure 1. Adjacent to Zhejiang Province, Langxia Town is
situated in the southwest of central Jinshan District in Shanghai and is approximately
60 km from the city center. As one of the most essential chemical industry bases in Shang-
hai, Jinshan District was considered a strictly controlled area by the Shanghai Municipal
Bureau of Ecology and Environment from 24 August to 6 September 2016 [28]. The Jinshan
District primarily encompasses three major industrial zones: the Jinshan Industrial Zone,
the Jinshan No. 2 Industrial Zone, and the Shanghai Chemical Industry Park. Numerous
chemical parks, petrochemical factories, and power plants are densely concentrated within
the boundaries of Jinshan District [29]. As shown in panel A of Figure 1, the experiment site
is approximately 110 km northeast of the main venue of the 2016 G20 Summit in Hangzhou.
Additionally, as demonstrated in panel B of Figure 1, the site is approximately 15 km west
of the Jinshan Industrial Zone and approximately 12 km northwest of the Jinshan No. 2
Industrial Zone. In order to achieve ultra-low emissions during the 2016 G20 control period,
two coal-fired power plants located in the Jinshan Industrial Zone and the Jinshan No. 2
Industrial Zone were required to utilize low-sulfur coals, standardize the operation of flue
gas treatment facilities, and limit production by 30%. To strictly control the emissions
of unorganized organic waste gas in the chemical industries, some enterprises in the Jin-
shan No. 2 Industrial Zone implemented production suspension, and some enterprises
implemented production limitation [30].
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tion of PM2.5 was measured using a personal aerosol monitor (mode AM510, TSI, Shore-
view, MN, USA). The mass concentration of BC was measured using a microAeth (mode 
AE51, AethLabs, San Francisco, CA, USA), whose measurement principle was to measure 
the rate of change in absorption of transmitted light at 880 nanometers caused by contin-
uous collection of aerosol deposit on the filter [31]. The AM510 and AE51 logged the con-
centration of PM2.5 and BC every second, respectively. Inside the cabin, there was also a 
temperature and RH data logger (mode HOBO U12-011, Onset, Bourne, MA, USA). The 
U12-011 data logger was used to collect instantaneous temperature and RH data every 
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Figure 1. Geographic location of the experiment site shown by red star, (A) main venue of the 2016
G20 shown by red pushpin, (B) parts of Shanghai including Jinshan Industrial zone, Jinshan No. 2
Industrial zone, and Shanghai Chemical Industry Park shown by red solid circles.

The UAV platform consisted of two major parts. The six-rotor UAV, powered by six
portable batteries, acted as the carrier. Additionally, a metal cabin was self-designed to carry
the portable monitoring instruments needed, which was securely installed underneath the
UAV. The UAV had a built-in GPS recording the location and height of the UAV during the
experiment’s every second. Moreover, miniature sensors were also placed inside the cabin
under the UAV to collect data on PM2.5, BC, meteorological factors (including temperature
and relative humidity (RH)), and other pollutants. The mass concentration of PM2.5 was
measured using a personal aerosol monitor (mode AM510, TSI, Shoreview, MN, USA). The
mass concentration of BC was measured using a microAeth (mode AE51, AethLabs, San
Francisco, CA, USA), whose measurement principle was to measure the rate of change
in absorption of transmitted light at 880 nanometers caused by continuous collection of
aerosol deposit on the filter [31]. The AM510 and AE51 logged the concentration of PM2.5
and BC every second, respectively. Inside the cabin, there was also a temperature and RH
data logger (mode HOBO U12-011, Onset, Bourne, MA, USA). The U12-011 data logger
was used to collect instantaneous temperature and RH data every second. Additionally,
to minimize the interference caused by factors such as flying speed and the rotors of the
UAV, the air inlets of the AM510 and AE51 aerosol monitor were positioned above the
UAV [32,33].

2.2. Experimental Design and Data Analysis

To assess the effects of emission control measures on BC, the total research period
was divided into two stages. In 2016, 24–25 August and 12–13 September were defined as
“control period” and “normal period”, respectively. The normal period was the reference
stage without emission control measures, while the control period was the stage with
stringent pollution control measures. Here, the UAV platform was used to collect vertical
profiles of BC. The UAV was controlled to ascend at a steady speed of 2 m·s−1 from the
ground level and was kept hovering for one minute every 50 m until 500 m, and then
descended at the same steady speed without hovering. Considering the limit of battery
capacity and flight safety, 2 m·s−1 was the proper speed for ascending and descending, and
1 min was the suitable hovering period to obtain enough BC concentration samples. All the
data for different flights, as indicated in Table 1, were averaged at the same height during
every hovering period, ensuring that the results were accurate and reliable. As the UAV
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was battery-powered, the flying area was not affected by the output of the UAV. However,
the air flow was disturbed by the UAV during the period of ascension. For this reason, the
data from the descending process are not used in this study.

Table 1. Experimental design of the UAV platform.

Date Flights Takeoff Time Control Period

24 August 2016 5 8:46; 9:27; 11:39; 14:41; 16:50 YES

25 August 2016 5 8:52; 9:32; 11:27; 14:33; 16:47 YES

12 September 2016 5 8:42; 10:00; 12:00; 14:50; 16:00 NO

13 September 2016 5 8:24; 10:00; 12:00; 14:00; 16:00 NO

To ensure the quality and reliability of the experiments, all devices were calibrated
before the beginning of each experiment. To obtain a full picture of vertical profiles of
BC, the pocket-sized AE 51 used under the UAV was taken to the Pudong environmental
monitor station and compared with a standard instrument (mode Aethalometer AE31,
Magee Scientific, Berkeley, CA, USA). As indicated by panel A of Figure 2, a 44 h continuous
comparison was conducted between the AE51 and AE31 on one-hour averages, and the
results showed a linear association between the AE51 and AE31 data (y = 1.69 × x − 0.01,
R2 = 0.88). The results indicated that measured values of AE51 were almost 1.7 times
those measured using AE31; the difference was attributed to different aerosol deposition
velocities and mass attenuation cross-section parameters of the two instruments [34]. The
comparison results indicated that AE51 was suitable for collecting BC data during the
flight period. To acquire surface and vertical profiles of BC, two identical devices (AE51)
were equipped on the ground and under the UAV simultaneously to collect BC data. The
ground-level AE51, hourly measuring ground-level BC, was fixed on a tripod and was
approximately 1.5 m above the ground. The data from the two devices were compared
on the ground before the UAV experiments started on 24 August 2016. As presented in
panel B of Figure 2, the results indicate that the average values and standard deviations
of BC concentration were 2.35 ± 0.45 and 2.32 ± 0.47 µg·m−3 for UAV-based AE51 and
ground-based AE51, respectively.
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In this study, meteorological data consisted of planetary boundary layer height (PBLH),
atmospheric stability, wind speed, wind direction, T, and RH. Hourly background PM2.5
and meteorological parameters including wind speed, wind direction, T, and RH, were
derived from a local atmospheric environment monitoring station located in Langxia Town
and within 100 m of the experiment site. Additionally, PBLH and atmospheric stability were
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acquired from the website of the Air Resource Laboratory (https://www.ready.noaa.gov/
archives.php (accessed on 20 September 2023)). Additionally, clusters of the 72 h backward
trajectories at the height of 10 m were computed to identify the origins of air masses on
24–25 August and 12–13 September 2016, using the HYSPLIT Trajectory Model [35,36]. The
model utilized meteorological parameters from the Global Data Assimilation System with a
1-degree global resolution. Conventional observations of wind speed, cloud amount, light
intensity, and other factors were employed by Pasquill [37] to classify atmospheric stability
conditions into seven dispersion levels, labeled as A (extremely unstable), B (unstable),
C (weakly unstable), D (neutral), E (weakly stable), F (stable), and G (extremely stable),
respectively.

3. Results and Discussion
3.1. General Overview of Surface PM2.5, BC, and Meteorological Parameters

In 2016, the four-day hourly background PM2.5 and meteorological parameters (in-
cluding PBLH, atmospheric stability, wind speed, wind direction, temperature, and RH)
during the control period (24–25 August) and the normal period (12–13 September) were
illustrated in Figure 3. As one of the primary chemical constituents of PM2.5 [38,39], the
hourly ground-level BC during the drone flight time period (from LT 9 to 18 on 24 August
and from LT 9 to 17 on 25 August) is also presented in panel A1 of Figure 3 for the pur-
pose of comparison. However, the hourly measurement of ground-level BC could not be
achieved during the normal period due to equipment failure of the ground-based AE51.
On the whole, the 24 h average background PM2.5 during the control period (33.13 µg·m−3

on 24 August and 33.18 µg·m−3 on 25 August) was significantly lower than those during
the normal period (47.92 µg·m−3 on 12 September and 46.13 µg·m−3 on 13 September).
It was noteworthy that the PM2.5 at LT 6 and 7 on 13 September surpassed the Chinese
National Ambient Air Quality Standards (75 µg·m−3), as indicated by the blue dotted line
in panels A1 and B1 of Figure 3. Additionally, the average ground-level BC was lower on
25 August (0.99 µg·m−3) than on 24 August (1.87 µg·m−3). This implies that the effect of
emission control actions played a positive role in reducing PM2.5 and BC concentration at
ground level.

As presented in panel A1 of Figure 3, the variation tendency of ground-level BC
was in perfect accord with background PM2.5 on 24 August. The comparison between
ground-level PM2.5 and BC is illustrated in Figure 4. As presented in panel A1 of Figure 4,
the linear relationship (y = 0.03*x + 0.64, R2 = 0.79) between PM2.5 and BC on 24 August
was remarkably similar to that found in a previous study (y = 0.031*x − 0.63, R2 = 0.74) [40],
and the powerful correlation coefficient (R2 = 0.79) on 24 August showed that ground-level
PM2.5 and BC were highly likely to originate from the same emission sources. However,
the situation was exactly the opposite on 25 August, as indicated in panel A1 of Figure 3
and panel A2 of Figure 4. The significantly negative linear correlation between PM2.5 and
BC concentration on 25 August showed that air masses entering on 25 August possessed
a low concentration of BC at ground level, which was evidenced by the BC/PM2.5 ratios.
As displayed in panels A2 and B2 of Figure 4, the BC/PM2.5 ratios at ground level were
obtained during the control period. The highest BC/PM2.5 ratio, recorded at LT 9 on
both 24 August and 25 August was 0.069 and 0.067, respectively. Clearly, the maximum
BC/PM2.5 ratio on both days was extremely similar, which was likely caused by traffic
emissions during the morning rush hour, because the road to the parking lot was close to
the experimental location of ground-level AE51. On 24 August, the BC/PM2.5 ratios varied
from 0.036 to 0.055 from LT 10 to 18, and there was an obviously increasing trend in the
BC/PM2.5 ratios from LT 12 to 18. Contrarily, on 25 August, the range of the BC/PM2.5
ratios was between 0.012 and 0.038 from LT 10 to 17, and the BC/PM2.5 ratios exhibited
a significantly declining tendency from LT 10 to 14. Additionally, the average BC/PM2.5
ratio from LT 9 to 17 on 24 August (0.044) was 1.64 times higher than the corresponding
average ratio on 25 August (0.027). As displayed in Figure 5, the air masses from LT 9 to 17
on 24 August and 25 August indeed derived from distinct clustering categories. The air
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mass from LT 9 to 17 on 24 August was part of cluster 1, while the air mass from LT 9 to 17
on 25 August belonged to cluster 3. As a result, the proportion of BC in PM2.5 within the
air mass of cluster 3 was lower than that within the air mass of cluster 1.
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Figure 4. Comparison between ground-level PM2.5 and BC (A1: on 24 August, B1: on 25 August),
and the ratio of PM2.5 and BC (A2: on 24 August, B2: on 25 August).

As presented in panel A1 of Figure 3, on 24 August, the PM2.5 continued to rise
from LT 9 to 14, reaching a peak value of 60 µg·m−3 at LT 14, and then dropped rapidly
from 60 µg·m−3 at LT 15 to 29 µg·m−3 at LT 18. Meanwhile, the BC also demonstrated
an increasing tendency from LT 9 to 16, peaking at a maximum value of 2.498 µg·m−3

at LT 16, and then rapidly decreased to 1.582 µg·m−3 at LT 18. On 25 August, the PM2.5
had an increasing trend from LT 9 to 14, reaching a peak value of 50 µg·m−3 at LT 14, and
then remained at approximately 48 µg·m−3 from LT 15 to 17. At the same time, the BC
significantly decreased from 1.734 µg·m−3 at LT 9 to 0.609 µg·m−3 at LT 14, followed by a
gradual increase until LT 17. As presented in panel B1 of Figure 3, on 12 September, the
PM2.5 exhibited a considerable decline from LT 8 to 10, then gradually decreased to LT 14,
and eventually had a slight increase at LT 17 and 18. On 12 September, there was also a
rapid decline in PM2.5 from LT 8 to 9, subsequently followed by a gradual decrease until
LT 15, and ultimately increased until LT 18. Notably, the PM2.5 peaked at around LT 14
on 24–25 August, whereas the PM2.5 reached its lowest point at approximately LT 15 on
12–13 September. As illustrated in Figure 5, 72 h backward trajectories during the control
and normal period were grouped by clusters. The averaged PM2.5 were 36.72 µg·m−3

for cluster 1, 30.79 µg·m−3 for cluster 2(1), 54.60 µg·m−3 for cluster 2(2), 38.63 µg·m−3

for cluster 3, and 43.58 µg·m−3 for cluster 4, respectively. According to the Chinese
National Ambient Air Quality Standards, air masses were considered polluted when the
PM2.5 concentration exceeded 75 µg·m−3. Generally, the average PM2.5 was less than
75 µg·m−3 in all clusters. Therefore, there were no significant local emissions or long-range
transmission of pollutants during the control and normal periods. It is a well-established
fact that local emissions significantly reduced during the control period, whereas no such
restrictions were imposed during the normal period. The air masses of cluster 2(1) and
cluster 2(2) originated from the same direction, but the average PM2.5 for cluster 2(1)
(30.79 µg·m−3) was lower than that for cluster 2(2) (54.60 µg·m−3), which was probably
due to local emission reduction during the control period.
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In general, meteorological parameters contribute greatly to air pollutant concentration
changes in addition to local emission intensities and long-range transmission of pollu-
tants [1]. PBLH is a particularly important factor, as it impacts the vertical diffusion of
air pollutants through turbulence [41]. As presented in panel B3 of Figure 3, the height of
the boundary layer surpassed 500 m from LT 8 to 17 on 12–13 September. Furthermore,
the dispersion and accumulation of pollutants can be substantially influenced by atmo-
spheric stability [20]. As illustrated in panel B3 of Figure 3, the atmospheric stability was
predominantly C (weakly unstable) from LT 8 to 17 on 12–13 September, conducive to
the dispersion of pollutant concentrations. In addition, the average wind speed from LT
8 to 17 was 2.91 m·s−1 and 3.06 m·s−1 on 12 September and 13 September, respectively.
These wind speeds were faster than the average wind speed during other time periods
on the same days (1.34 m·s−1 and 1.25 m·s−1 on 12 September and 13 September, respec-
tively). Consequently, as a result of the cumulative effects of an unstable atmospheric
condition, a well-developed boundary layer height, and augmented wind speed, the PM2.5
attained its minimum level at approximately LT 15 on both 12 September and 13 September.
Additionally, the average PM2.5 from LT 8 to 17 on 12 September and 13 September was
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38 µg·m−3 and 37 µg·m−3, respectively. These values were notably lower than the average
PM2.5 observed during other time periods on the same days (55 µg·m−3 and 53 µg·m−3

on 12 September and 13 September, respectively). However, as illustrated in panels A3
and B3 of Figure 3, the atmospheric stability was primarily D (neutral) from LT 8 to 17
on 24–25 August, which was found to be more stable in comparison to 12–13 September.
Worse still, the average temperatures from LT 8 to 18 on 24 August and 25 August were
34.58 ◦C and 35.20 ◦C, respectively. These temperatures were approximately 5 ◦C higher
than the average temperature during the same period on 12 September (29.35 ◦C) and
13 September (28.99 ◦C). Generally, particularly high temperatures and low wind speed in
summer tend to enhance the stability of the atmosphere, thereby hindering the dispersion
and dilution of pollutants [42]. Obviously, the temperatures exceeded 35 ◦C from LT 11
to 15 on 24 August, and the wind speed remained relatively low during the same period.
Therefore, it was highly probable that the peak PM2.5 concentration at LT 14 on 24 August
was due to meteorological conditions unfavorable for dispersion, which were caused by
the particularly high temperatures and relatively low wind speeds. Following the decrease
in temperatures and the increase in wind speeds after LT 16 on 24 August, the PM2.5 began
to decline. As demonstrated in Figure 6, the variation in PM2.5 on 25 August was the least
significant compared to the other three days. This also indicated that, in comparison to the
remaining three days, the atmospheric condition on 25 August was the most stable. Like 24
August, the peak PM2.5 concentration was 50 µg·m−3 at LT 14 on 25 August. Nevertheless,
the boundary layer height on 25 August dropped rapidly from 1236 m at LT 14 to 255 m at
LT 17. Additionally, the PM2.5 remained approximately 49 µg·m−3 from LT 14 to 17 on 25
August, despite the increased wind speeds. As a result, the higher PM2.5 between LT 14
and 17 on 25 August was attribute to meteorological conditions unfavorable for dispersion,
which were caused by the particularly high temperatures and unfavorable boundary layer
condition. However, the decrease in black carbon concentration on 25 August was probably
due to the reduction in local emission sources and the external air masses from the sea
having low black carbon concentration.
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Figure 6. Box diagrams of background PM2.5 on all experimental days.

3.2. Vertical Distribution of BC

As presented in Table 1, the UAV-based platform successfully completed a total of
twenty vertical observation missions from LT 8 to 17 on both 24–25 August and 12–13
September, 2016. Within this group, a total of ten effective vertical observation flights were
completed during the control period (24–25 August) of environmental air quality guarantee
measure implementation, while an additional ten effective vertical observation flights were
conducted during the normal period (12–13 September) when these guarantee measures
were not in place. The BC was averaged every 50 m until 500 m, with the UAV hovering
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for one minute at each of these heights during every flight. As demonstrated in panels A3
and B3 of Figure 3, the altitude of the atmospheric boundary layer consistently exceeded
the maximum flight altitude of the UAV (500 m) during the period of drone experiments,
except for LT 17 on 25 August. However, the fifth flight on 25 August was conducted
around LT 17. As presented in Figure 7 and Tables S1 and S2, vertical profiles of BC and
meteorological parameters (including temperature and RH) were measured using the UAV
during the control period. August 24 marked the commencement of pollution reduction
measures, with 25 August serving as the subsequent day of their implementation.
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On 24 August, the BC of the first UAV flight decreased by 60% from 2.113 µg·m−3

at ground level to 0.843 µg·m−3 at 100 m AGL, and then the BC fluctuated around
0.750 µg·m−3 between 100 and 500 m AGL, accompanied by a minor downward ten-
dency. Between LT 8 and 9, it was highly probable that the elevated BC concentration in the
vicinity of the ground was attributable to traffic emissions during the morning rush hour,
because the road to the parking lot was close to the drone’s launch site. This conclusion
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agreed well with a previous study [16] conducted in Fengxian District, Shanghai. During
the second UAV flight, the BC was mixed uniformly from ground level to 500 m AGL
due to the development of the boundary layer, with a slight upward trend. Similar to the
second flight, an increasing trend was also observed in the BC of the third UAV flight.
Nonetheless, the upward trend of the third flight was more significant, with an ascent
gradient of 0.111 µg·m−3 per 50 m. In previous studies [16,20], the BC decreased with
increasing height within the boundary layer height. However, the trend of BC with altitude
in this study was different from that reported in previous studies. Given the fact that,
although the factory production was reduced at this time, the BC emitted from chimneys
was initially released at a higher altitude, resulting in an increase in BC concentration in the
air. Additionally, the BC on the fourth UAV flight experienced an overall rise from ground
level to 500 m AGL, notwithstanding the fact that the fourth flight was conducted under
the most favorable boundary layer conditions. Like the variations observed in background
PM2.5 around LT 14 on 24 August, the overall rise in temperatures during the fourth flight
as presented in panel A2 of Figure 7 probably led to adverse meteorological conditions,
which resulted in the increased BC concentration, despite the reduction in local emissions
and the absence of long-range transport of pollution. As shown in Table S1, the PM2.5
concentration was also higher in the fourth flight. During the fifth UAV flight, the BC
decreased by 59% from 2.100 µg·m−3 at ground level to 0.868 µg·m−3 at 100 m AGL, and
the positive gradient of BC concentration from 150 to 500 m AGL was 0.123 µg·m−3 per
50 m. Similarly to the first flight, traffic emission during the evening rush hour was also
probably responsible for the rise in BC concentration from ground level to 100 m AGL
during the fifth flight.

On 25 August, the BC of the first UAV flight demonstrated a general downward trend,
except for notably high values at 50 and 100 m AGL. As the boundary layer height devel-
oped, the pollution caused by traffic emissions during the morning rush hour was elevated.
The BC in the second flight, third flight, and fourth flight all showed a slight increasing
trend with increasing altitude. With the progressive development of the boundary layer
height, the overall BC concentration in the second flight, third flight, and fourth flight grad-
ually decreased. As presented in panel B3 of Figure 3, as the boundary layer continuously
rose from LT 8 to 14, the atmospheric stability varied from E (weakly stable) to C (weakly
unstable). As a result, the less stable the atmospheric stability, the lower the BC concentra-
tion was. This is because, when the atmospheric stability was less stable, the turbulence was
more intense, making it easier for pollutants to be diluted and dispersed [43]. Additionally,
the slight inversion presented below 100 m AGL on 25 August did not produce a significant
impact on the BC concentration. This was probably attributed to the thinner and more
rapid dissipation of inversion layers during summer. Like on the 24 August, the BC in
the fifth UAV flight on 25 August decreased by 64% from 2.141 µg·m−3 at ground level
to 0.779 µg·m−3 at 100 m AGL, and the BC showed a slight increasing trend from 150
to 500 m AGL. Similarly, traffic emissions during the evening rush hour could also be a
contributing factor to the increased BC concentration below 100 m AGL in the fifth UAV
flight. It was worth noting that the overall BC concentration for the fifth flight on 25 August
was significantly higher than that of the third and fourth flights. As illustrated in panel
A3 of Figure 3, this was potentially caused by the steep drop in the height of the boundary
layer from LT 14 to 17. As presented in Table S2, the PM2.5 concentration was also higher in
the fifth flight.

As illustrated in Figure 8, a comprehensive comparison of the BC for each individual
flight mission monitored by drones on 24 August and 25 August was presented, with
the influence of traffic emissions during rush hours being excluded from the analysis. It
was observed that the average BC for the second flight, third flight, and fourth flight on
25 August were, respectively 26%, 54%, and 85% lower than those recorded on 24 August.
Compared to other flights, the average BC in the fourth flight on 24 August was particularly
high, which was probably due to adverse meteorological conditions, which were caused by
the overall rise in temperatures during the fourth flight. Nevertheless, after excluding the
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impact of traffic emissions, the average BC for the fifth flight on 25 August only decreased
by 0.102 µg·m−3 in comparison to that on 24 August, while the BC for the first flight
on 25 August was unexpectedly found to increase by 0.162 µg·m−3 compared to that on
24 August. Obviously, stable meteorological conditions on 25 August probably obstructed
the dispersion of BC for the first and fifth flight.
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Figure 8. Box diagrams of BC measured using the UAV on 24 August and 25 August. F1_0824,
F2_0824, F3_0824, F4_0824, and F5_0824 represent the first, second, third, fourth, and fifth UAV flight
on 24 August, respectively. F1_0825, F2_0825, F3_0825, F4_0825, and F5_0825 represent the first,
second, third, fourth, and fifth UAV flight on 25 August, respectively.

As presented in Figure 9 and Tables S3 and S4, vertical profiles of BC and meteorologi-
cal parameters (including temperature and RH) during the normal period were measured
with the UAV. On 12 September, the BC from the ground to 500 m AGL for the first flight
was mixed uniformly, with small-scale fluctuations around 3.598 µg·m−3. Additionally,
the BC in the first flight demonstrated a slight increasing trend with height. The variation
trend of BC in the second flight was similar to that of the first flight. However, the average
BC concentration for the first flight was 36% higher than that for the second flight, which is
probably attributable to unfavorable atmospheric dispersion conditions and hygroscopic
growth, which were both likely caused by the extremely high RH (72–84%) experienced dur-
ing the first flight. As indicated in the previous study [44], regardless of hydrophilic aerosol
particles (such as sulfuric acid, ammonium sulfate, and ammonium nitrate) or hydrophobic
aerosol particles (such as sandstorms and black carbon), when the RH is less than 80%,
hygroscopic growth is slow; however, when the RH is between 80 and 95%, hygroscopic
growth accelerates. In another study [45], two severe pollution processes occurred under
weak wind (wind speed ≤ 3 m·s−1) and high relative humidity (≥80%). Additionally, high
relative humidity reduces turbulent heat exchange, leading to unfavorable conditions for
atmospheric dispersion [46]. As illustrated in Table S3, the PM2.5 concentration was also
higher in the first flight. In the third flight, the BC demonstrated a tendency to increase with
altitude as well. However, the gradient from ground level to 150 m AGL in the third flight
was 0.332 µg·m−3 per 50 m, higher than the gradient from 150 to 500 m AGL (0.048 µg·m−3

per 50 m). The BC in the fourth and fifth flight also showed a minor increasing trend with
altitude from ground level to 500 m AGL, with the gradients of 0.065 and 0.062 µg·m−3 per
50 m, respectively. Overall, the average BC concentration progressively diminished from
the first flight to the fifth flight on 12 September.
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On 13 September, the BC in the first flight decreased from ground to 50 m AGL,
then held steady around 2.370 µg·m−3 from 50 to 150 m AGL, and then increased from
150 to 200 m AGL, and finally a slight decrease in the BC concentration was observed
between 200 and 500 m AGL. The trends in the changes in BC for the second and third flight
exhibited a high degree of similarity. The BC concentration exhibited a slight increasing
trend from the ground to 150 m AGL, as well as from 200 to 500 m AGL. Nevertheless,
the elevation in BC was more prominent from 150 to 200 m AGL. Moreover, the BC in the
fourth flight demonstrated the most significant increasing gradient on 13 September, which
was 0.126 µg·m−3 per 50 m. The BC in the fifth flight fluctuated around 1.730 µg·m−3

and 2.177 µg·m−3 from ground to 200 m AGL and from 200 to 500 m AGL, respectively.
However, the BC concentration notably increased from 200 to 300 m AGL in the fifth flight.
Overall, the concentration of BC on 13 September was primarily concentrated within the
range of 1–3 µg·m−3 as presented in panel B1 of Figure 9.

3.3. Effect of Emission Control Actions on Vertical Profiles of BC

Vertical profiles of the BC measured with the UAV were obtained during the control
and normal period to evaluate the effects of emission control measures on vertical profiles
of BC. As 25 August was the second day of implementation of emission reduction measures,
vertical profiles of the BC on 25 August were regarded as samples after implementation of
emission reduction measures during control period. Additionally, the average of vertical
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profiles of BC on 12 September and 13 September were used as samples during the normal
period. Vertical profiles of BC during each within the two periods were compared separately.
The first to fifth flights were conducted during the control and normal period, specifically
from LT 8 to 9, LT 9 to 10, LT 11 to 12, LT 14 to 15, and LT 16 to 17.

As presented in panel A1 of Figure 10, upon exclusion of the effects of traffic emissions,
the BC of the first flight from 150 to 500 m AGL during the control period demonstrated a
downward trend with increasing altitude. Furthermore, the BC of the first flight during
the normal period was uniformly mixed, with minimal fluctuations around 3.086 µg·m−3.
During the normal period, the influence of traffic emissions during the morning rush hour
on BC concentration was found to be insignificant, because the drone’s launch site during
the normal period was situated at a considerable distance from the road leading to the
parking lot. Additionally, the average BC of the first flight from 150 to 500 m AGL during
the normal period was 3.4 times that during the control period. As illustrated in panel
A2 of Figure 10, the variations in BC of the second flight during the control and normal
period exhibited a similar pattern, both demonstrating a minor increasing tendency with
increasing altitude from ground to 500 m, with the gradient of 0.041 and 0.050 µg·m−3 per
50 m, respectively. Nevertheless, the average BC of the second flight during the normal
period was 1.7 times that during the control period. As shown in panels A3 and A4 of
Figure 10, the BC for the third and fourth flight during the control and normal period also
exhibited an upward trend with altitude. In addition, the upward trend in BC for the third
and fourth flight from the ground to 150 m AGL was more pronounced during the normal
period. Furthermore, the average BC for the third and fourth flight during the normal
period were found to be 2.9 and 4.1 times greater, respectively, than those obtained during
the control period. As demonstrated in panel A5 of Figure 10, the BC of the fifth flight
during the control period decreased from ground level to 150 m AGL, probably due to the
influence of traffic emissions during evening rush hour. Considering the takeoff times of
the fifth flight during the normal period were approximately LT 16, and the drone’s launch
site was situated at a considerable distance from the road leading to the parking lot, the BC
of the fifth flight during the normal period was not influenced by traffic emissions during
evening rush hour. The changes in BC from 150 to 500 m AGL for the fifth flight during the
control and normal period also demonstrated a slightly increasing trend with increasing
altitude, but the average BC from 150 to 500 m AGL for the fifth flight during the normal
period was 1.8 times greater than that during the control period. In summary, the emission
reduction measures during the control period played a significant role in reducing the
BC concentration within 500 m AGL, with the sole exception being the influence of traffic
emissions during morning and evening rush hours.
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Figure 10. Vertical profiles of BC measured using the UAV during the control period (CP) and the
normal period (NP): the first flight (A1), the second flight (A2), the third flight (A3), the fourth
flight (A4), and the fifth flight (A5). F1_CP, F2_CP, F3_CP, F4_CP, and F5_CP represent the first,
second, third, fourth, and fifth UAV flight during control period, respectively. F1_NP, F2_NP, F3_NP,
F4_NP, and F5_NP represent the first, second, third, fourth, and fifth UAV flight during normal
period, respectively.
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As illustrated in Figure 11, the box diagrams depicted the BC and the BC/PM2.5
ratios for five flights measured using the UAV during the control and normal period, with
the influence of rush hours on BC concentration being excluded. Overall, the average
BC and the average BC/PM2.5 ratio for the five flights during the normal period were
both higher than the corresponding values for the five flights during the control period as
presented in Figure 11. This is likely attributable to the primary focus on stringent control
on emissions from coal-fired power plants and rigorous coal quality management as key
elements in the early stages of emissions reduction efforts in Jinshan District, Shanghai.
When unaffected by traffic emissions, the BC/PM2.5 ratios during the control period were
primarily distributed within the range of 0.033–0.059. Conversely, when influenced by
traffic emissions, the BC/PM2.5 ratios were found to be very high, with a distribution
between 0.092 and 0.188. Moreover, the BC/PM2.5 ratios for all flights during the normal
period were relatively concentrated, the majority of which fell between 0.063 and 0.075.
Therefore, following the exclusion of the effects of traffic emissions during peak hours,
the implementation of emission reduction measures during the control period not only
effectively mitigated the BC concentration from ground to 500 m AGL but also diminished
the proportion of BC in PM2.5. Upon comparison with the BC/PM2.5 ratios (8.0 ± 3.2% in
February and 9.6 ± 7.5% in March) in the previous study [20], it was observed that the
BC/PM2.5 ratios in the present study were lower. This discrepancy could be attributed
to the fact that the previous study was performed during winter, while this study was
conducted in summer.
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Figure 11. Box diagrams of BC (A) and the BC/PM2.5 ratios (B) measured using the UAV during
the control and normal period. F1_CP, F2_CP, F3_CP, F4_CP, and F5_CP represent the first, sec-
ond, third, fourth, and fifth UAV flight during control period, respectively. F1_NP, F2_NP, F3_NP,
F4_NP, and F5_NP represent the first, second, third, fourth, and fifth UAV flight during normal
period, respectively.
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4. Conclusions

UAV-based vertical profiles of BC during and after the 2016 G20 Summit were mea-
sured in Jinshan District, Shanghai. In total, twenty vertical observation missions (ten
during the control period and ten during the normal period) were presented to analyze
gradient measurements of BC from the ground level to 500 m AGL under the joint effect of
short-term emission control measures and meteorological factors. In addition, the back-
ground PM2.5 and meteorological parameters (including PBLH, atmospheric stability, wind
speed, wind direction, temperature, and RH) during the control and normal period were
also presented to assess the effect of emission control actions at ground level. Additionally,
the hourly ground-level BC during the drone flight time period was also displayed for
the purpose of comparison. Furthermore, the ground-level BC/PM2.5 ratios during the
control period and UAV-based BC/PM2.5 ratios during the control and normal period were
also presented.

On the whole, the average background PM2.5 during the control period was signifi-
cantly lower than that during the normal period. Additionally, the average ground-level
BC on 25 August was lower than that on 24 August. The results imply that the effect of
emission control actions played an effective role in reducing pollutant concentration at
ground level. The linear relationship between ground-level PM2.5 and BC on 24 August
showed that they were highly likely to originate from the same emission sources, but the
situation was exactly the opposite on 25 August. After excluding the impact of rush-hour
traffic emissions, the BC/PM2.5 ratios on 24 August varied from 0.036 to 0.055, while the
range of the BC/PM2.5 ratios was between 0.012 and 0.038 on 25 August. The results of
clusters of the 72 h backward trajectories during the control and normal period revealed
that there was probably no significant long-range transmission of pollutants. However,
the PM2.5 peaked at around LT 14 during the control period was mainly due to meteo-
rological conditions unfavorable for dispersion, which were caused by particularly high
temperatures, low wind speed or unfavorable boundary layer conditions.

During the control and normal period, vertical profiles of BC observed from the
ground to 500 m AGL from LT 9 to 16 demonstrated a clearly increasing trend with respect
to height. This phenomenon was attributable to chimney emissions that were initially
released at higher altitudes. The increasing gradient ranged from 0.037 to 0.068 µg·m−3 per
50 m during the control period, and varied from 0.050 to 0.120 µg·m−3 per 50 m during
the normal period. Additionally, with the continuous development of the boundary layer
height, the average concentration of BC per vertical profile decreased from LT 9 to 15
on all experimental days, except for 24 August. As the average BC in the fourth flight
on 24 August was particularly high, which was probably due to adverse meteorological
conditions caused by the overall rise in temperatures around LT 14. Additionally, the
average BC for the first flight on 12 September was notably high, which was attributable
to the unfavorable atmospheric dispersion condition and hygroscopic growth caused
by the extremely high RH experienced during the first flight. Overall, the average BC
concentration and the average BC/PM2.5 ratio per vertical profile during the normal
period were both higher than the corresponding values during the control period, with the
influence of traffic emissions during rush hours excluded. Moreover, the vertical BC/PM2.5
ratios of all flights during the control period were primarily distributed within the range of
0.033–0.059, while the majority of the vertical BC/PM2.5 ratios during the normal period
were between 0.063 and 0.075. As a result, the implementation of pollution reduction
measures during the control period effectively reduced the BC concentration and the
proportion of BC in PM2.5 from within the atmospheric boundary layer. These conclusions
can provide important insights for estimating the accuracy of numerical models and offer
primary guidance for devising future BC control strategies.
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